INTRODUCTION
Thyroid hormone has diverse physiologic functions, including fetal development, oxygen consumption, thermogenesis and glucose and lipid metabolism (1, 2) . Within an individual, thyroid hormone and thyroid-stimulating hormone (TSH) levels are maintained within a relatively constant range over a † long period (low intra-individual variation) (3) . However, the variation between different individuals is larger (high interindividual variation) (3) . Inter-individual variability is partially explained by genetic factors. In a recent study, the heritability of free thyroxine (fT 4 ) and TSH was 89 and 49%, respectively (3) . The advent of genome-wide association studies (GWAS) have enabled us to identify the genetic variants associated with TSH and fT 4 concentrations (4 -10) . A large-scale meta-analysis of GWAS in Europeans confirmed 20 genetic variants associated with TSH and six variants associated with fT 4 concentrations. However, the genetic association of TSH and fT 4 in Asians is not fully understood.
The dysregulation of thyroid hormone, resulting in hypo-or hyperthyroidism, is a relatively common condition. The most common clinical problem is subclinical hypothyroidism (defined as an increased TSH level with normal fT 4 concentration), which occurs in 4.3% of the US population (11) and 11.7% of the Korean population (12) . A high concentration of anti-thyroid peroxidase (TPO) antibody is a well-known risk factor associated with the development of thyroid dysfunction (13) . Anti-TPO antibody is observed in nearly all patients with Hashimoto's thyroiditis (also known as chronic lymphocytic thyroiditis). The presence of this antibody suggests the pathogenic role of autoimmunity in the development of Hashimoto's thyroiditis. Several studies have investigated genetic variants associated with Hashimoto's thyroiditis in Europeans (10, 12) . The genetic association of anti-TPO antibody positivity has not been investigated on a genome-wide scale.
The aim of this study was to investigate the genetic variants associated with plasma TSH and fT 4 concentrations and anti-TPO antibody positivity in Koreans. We performed a two-staged GWAS in 4238 Korean participants recruited from two independent community-based cohorts.
RESULTS

Stage 1 genome scan
The participants in the Stage 1 genome scan were from the Ansung cohort comprising the Korean Genome Epidemiology Study (KoGES). The clinical characteristics of the participants are shown in Table 1 . To test for an association between the genetic variants and TSH and fT 4 concentrations, we performed a linear regression analysis adjusting for age and sex in 2789 participants. For anti-TPO antibody positivity, we used a logistic regression adjusting for age and sex in a case-controlled manner of 3396 participants. A total of 351 669 single-nucleotide polymorphism (SNP) variants were actually genotyped and passed our stringent quality control filters. After the imputation, we were able to use 1 418709 SNPs for analyses. The quantilequantile plots and Manhattan plots from the association tests are shown in the Supplementary Material, Figure S1 . Ten independent variants were selected for suggestive associations according to our predefined threshold of P , 1.0 × 10
25
, except for rs17111090 (P ¼ 2.4 × 10
23
) in TRHDE (thyrotropinreleasing hormone degrading enzyme) which was selected based on its biological plausibility ( Table 2 ). The full list of variants that showed associations with P , 1.0 × 10 25 are listed in the Supplementary Material, Tables S1-S3. To eliminate hidden population stratification and cryptic relatedness, a variance component approach using EMMAX (http://www.sph. umich.edu/csg/kang/emmax/) was used to test the associations (Supplementary Material, Tables S1-S3) (14) . The EMMAX association results were similar to the original analyses.
Stage 2 follow-up and joint Stages 1 and 2 analyses
The 10 variants were further evaluated in the Stage 2 analysis. The 829 participants for the Stage 2 follow-up were from the Korean Longitudinal Study on Health and Aging (KLoSHA) cohort, and their clinical characteristics are shown in Table 1 . Among the 10 variants, three showed significant associations (P , 0.05) ( Table 2 ). The rs12126655 variant in the intron of VAV3 (vav 3 guanine nucleotide exchange factor) was associated with TSH concentration (P ¼ 3.7 × 10 23 ). The rs2071403 variant in the 5 ′ untranslated region (UTR) of TPO (thyroid peroxidase) and rs733208 in the intron of HLA-DPB2 (major histocompatibility complex, class II, DP beta 2 (pseudogene)) were associated with anti-TPO antibody positivity (P ¼ 2.7 × 10 24 and 3.0 × 10 22 ). In the joint Stages 1 and 2 meta-analyses, we observed a genome-wide significance for an association between the rs12126655 variant in VAV3 and TSH concentration (P ¼ 2.2 × 10 28 ) and the rs2071403 variant in TPO and anti-TPO antibody positivity (P ¼ 1.3 × 10
210
). The rs12126655 variant was in strong linkage disequilibrium (LD) [r 2 ¼ 0.84 in HapMap Han Chinese in Beijing, China (CHB) and Japanese in Tokyo, Japan (JPT)] with rs17020124, which was recently reported to be associated with TSH concentration in Europeans (8) . Regional association plots of the variants near rs12126655 and rs2071403 are shown in Figure 1 . Two additional variants showed a suggestive genome-wide significant association with fT 4 (rs7951195 in 11p12, P ¼ 4.9 × 10 27 ) ). We also limited our subjects to those who had normal TSH, and normal fT 4 concentrations, and were absent of anti-TPO antibody (N ¼ 2794) and observed a similar association trend (Supplementary Material, Table S4 ).
Subgroup analysis according to sex or subclinical hypothyroidism
We investigated whether there was a sex-specific effect of the two variants that reached genome-wide significance (rs12126655 and rs2071403) ( Table 3) . Although the effect size of the rs12126655 variant was larger in females compared with males, the difference in effect size was not significant between the two groups. Regarding the rs2071403 variant, the effect size was also larger in females compared with males, and there was a marginal significance in difference of effect size (P ¼ 0.063). We further performed a case-control analysis by comparing subgroups of euthyroid subjects (N ¼ 3056) and those who had subclinical hypothyroidism (N ¼ 480) (Supplementary Material, Table S5 ). The rs12126655 variant in VAV3 was associated with subclinical hypothyroidism with a significance of P , 0.05 in both Stages 1 and 2 analyses, thus resulting in a joint Stages 1 and 2 significance of P ¼ 1.1 × 10
23
. The rs2071403 variant in TPO was not associated subclinical hypothyroidism (P ¼ 0.404). The phenotypic variances explained by genome-wide SNPs in the Stage 1 participants were analysed with a polygenic mixed linear model using Genome-Wide Complex Trait Analysis (GCTA) (15) . We estimated that the variance explained by common variants across the genome was 17.1% for TSH, 27.6% for fT4, and 15.1% for anti-TPO antibody positivity.
Pathway analysis
We performed pathway analysis using Database for Annotation, Visualization and Integrated Discovery (DAVID) with genes Associations were tested with minor alleles by linear regression for TSH concentration and by logistic regression for anti-TPO antibody positivity. For TSH concentration, the effect size is shown as b and for anti-TPO antibody positivity as odds ratio (OR). The minor allele and its physical position are indexed to the positive strand of the NCBI build 36. The nearby gene is defined as the gene nearest to the variant within the boundary of the 50-kb distance. Chr, chromosome number; A1, minor allele; N, number of subjects; MAF, minor allele frequency; b, effect size of linear regression; SE, standard error; I 2 , heterogeneity estimate; Het P, P-value for heterogeneity. annotated by top listed variants (16, 17) . Using the functional annotation tool we found that 'Antigen processing and presentation of peptide antigen' was the most significantly enriched annotation term in Gene Onotology (GO) biological process database (P ¼ 1. (Table 4) . However, we were not able to identify a significantly enriched GO term or KEGG pathway using the genes annotated from the TSH or fT 4 association results.
The expression of TPO in human thyroid tissue
Among the two variants that passed the threshold for the genome-wide significance, rs12126655 variant was located in intron of VAV3 and it was not feasible to perform a functional analysis. Regarding the rs2071403 in the TPO gene, we European meta-GWAS (9), the effect sizes (b) for Koreans (x-axis) and Europeans (y-axis) are plotted with the corresponding Korean P-values. P , 0.0001, red; 0.0001 ≤ P , 0.01, orange; 0.01 ≤ P , 0.10, yellow; 0.10 ≤ P , 0.50, green; and 0.50 ≤ P, blue. The two VEGFA variants are distinguished by VEGFA * for rs9472138 and VEGFA for rs11755845.
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Human Molecular Genetics, 2014, Vol. 23, No. 16 studied the putative functional role of this variant by comparing the expression level of TPO in human thyroid tissues according to the genotypes. Thyroid tissues were used from 37 participants who had thyroid tumours (benign or malignant) and underwent thyroidectomy. The participants who had the rs2071403A variant, which was associated with lower anti-TPO antibody positivity, had a significantly decreased TPO mRNA expression level in their thyroid tissue ( Fig. 2A ). However, the protein level was only decreased in participants with the AA genotype compared to those with the AG or GG genotype (Fig. 2B) .
A comparison with the European GWAS results
The effect sizes (b) reported in the recent meta-analysis of the GWAS regarding TSH in Europeans (7) were compared with those from our Stage 1 genome scan ( Fig. 3 and Supplementary Material, Table S6 ). For TSH concentration, 20 variants reported in Europeans were available for analyses in our study, and six variants showed significant associations with P , 0.05 in the identical direction of association. There was a significant positive correlation between effect sizes in the two populations (Pearson's correlation coefficient 0.864 and P ¼ 4.0 × 10
26
). We also investigated the variants that were confirmed to be associated with autoimmune thyroid disease (including Graves' disease and Hashimoto's thyroiditis) (Supplementary Material, Table S7 ) (11) (12) (13) . Among the 15 variants investigated, three were nominally (P , 0.05) associated with plasma TSH concentration and three other variants were associated with anti-TPO antibody positivity (P , 0.05).
DISCUSSION
Using two-stage genome-wide association analyses, we replicated and confirmed that the rs12126655 variant in VAV3 was associated with TSH concentration and observed a novel genome-wide significant association between the rs2071403 variant at the 5 ′ UTR of TPO and anti-TPO antibody positivity in a Korean population. We also identified two variants that had suggestive genome-wide significant associations (P , 5.0 × 10
27
) with fT 4 concentration (rs7951105 in 11p12) and anti-TPO antibody positivity (rs733208 in HLA-DPB2). To our best knowledge, this is the first study in Asians to investigate genetic variants affecting TSH and fT 4 concentrations as a continuous trait at a genome-wide scale. In addition, this is the first study to identify a presumptive functional variant affecting anti-TPO antibody positivity with unequivocal significance.
The VAV3 encodes for vav 3 guanine nucleotide exchange factor, which activates Rho and Rac GTPase. VAV3 is involved in immune function, sympathetic hyperactivity and oncogenesis (20 -22) . The functional role of VAV3 in TSH regulation is not fully understood. VAV3 is widely expressed in several tissues, including peripheral lymphocytes, the spleen, brain and thyroid gland (23) . In 27 758 Icelanders, the rs17020124 variant, which is in strong LD (r 2 ¼ 0.84 in HapMap CHB/JPT) with rs12126655, was associated with TSH concentration with genome-wide significance (P ¼ 4.3 × 10 217 ) (8) . In another recent GWAS involving 39 248 Europeans, the rs4915077 variant in VAV3 was associated with self-reported hypothyroidism (P ¼ 7.5 × 10 210 ) (24) . This variant was also in strong LD with rs12126655 (r 2 ¼ 0.86 in HapMap CHB/JPT). The rs12126655 was associated with subclinical hypothyroidism in both our Stages 1 and 2 participants with nominal significance. These results indicate that variants in VAV3 are important determinants of TSH concentration and affect thyroid dysfunction across different ethnicities. A notable result of this study was the association between the rs2071403 variant at the 5 ′ UTR of TPO gene and anti-TPO antibody positivity. The TPO gene encodes for TPO and is highly expressed in human thyroid tissue. This gene plays a critical role in thyroid hormone synthesis by iodinating tyrosine residues in thyroglobulin and phenoxy-ether formation between iodinated tyrosine residues (25, 26) . Inactivating mutations in the TPO gene is known to cause an iodide organification defect that results in congenital hypothyroidism (27, 28) . Because the rs2071403 variant was located at the 5 ′ UTR of the TPO gene 75 bp proximal to the translation start site, we thought that it could influence the expression level of the TPO gene. We investigated the mRNA and protein expression levels in human thyroid tissue and observed that the expression levels are different according to the rs2071403 genotype. However, the G to A variation of rs2071403 does not appear to alter transcription factor-binding site (29) , and a detailed molecular mechanism of how this variant affects expression levels should be further investigated. Currently, it is unclear whether the rs2071403 variant is merely a marker that is in LD with a nearby functional variant. It could be postulated that the rs2071403 variant is associated with a decreased expression of the TPO gene in thyroid tissues and thus results in a lower rate of anti-TPO antibody positivity. The variant was also marginally associated with decreased fT 4 concentration in our joint Stages 1 and 2 analyses (b ¼ 20.044, P ¼ 0.071). The decrease in fT 4 concentration might also be attributed to decreased TPO gene expression and altered hormonal synthesis in the thyroid tissue.
When we compared the TSH-associated variants reported in Europeans with our Stage 1 analysis, we observed a significant positive linear correlation of effect size between the two populations. Among the variants reported in Europeans, rs3813582 near MAF/LOC440389 and rs13015993 near IGFBP5 showed strong associations in our Stage 1 analysis, albeit not passing the significance threshold of the Stage 1 analysis (P ¼ 4.4 × 10 25 and 2.9 × 10
25
). The most significantly associated genetic variant for TSH in Europeans was rs6885099, which is located in the intron of PDE8B (phosphodiesterase 8B). This variant also had a nominal association (P ¼ 5.9 × 10
23
) with TSH in our Stage 1 subjects. These results imply that the genetic variants affecting thyroid function may be similar between the two populations. It is not clear whether the difference in the prevalence of subclinical hypothyroidism between the US and the Korean population could be explained by genetic predisposition. Excessive iodine intake is associated with higher risk of subclinical hypothyroidism (30) . As iodine intake in Korean population is amongst the highest except for the Japanese, the difference might be more likely associated with difference in iodine intake (31) .
A major limitation of our study regards the relatively modest sample size for genome-wide association analyses. For the quantitative trait analyses, we had 87% power to detect a genomewide significant association for variants with a minor allele frequency of 0.35 and an effect size of 0.15 in 3500 subjects. However, the power decreased as the effect size reduced to
0.14 and 0.13 by 75 and 60%, respectively. For the case -control analyses, we only had sufficient power to detect association results for variants with odds ratios of 1.6 or more, assuming a minor allele frequency of 0.35 and an anti-TPO antibody positive rate of 0.11 in 4200 subjects. Therefore, we might have missed a significant portion of true positive associations. Further replications and meta-analysis would be required to confirm our findings and to discover additional genetic variants regarding thyroid function and anti-TPO antibody positivity.
In conclusion, we performed a genome-wide association analysis on TSH and fT 4 concentrations and anti-TPO antibody positivity in Koreans. We confirmed that an intronic variant of VAV3, rs12126655, was associated with TSH concentration with genome-wide significance. We also identified a novel association between a variant at the 5 ′ UTR of the TPO gene and anti-TPO antibody positivity. This variant showed marginal sexspecific effects and was associated with TPO mRNA expression in human thyroid tissues. We hope these results can expand our knowledge of thyroid hormone synthesis, secretion, and autoimmunity and eventually provide a basis for personalized medicine in autoimmune thyroid disease.
MATERIALS AND METHODS
Study participants for the Stage 1 genome scan
Participants for the Stage 1 genome scan were recruited from the Ansung cohort based on Anusung-Si, GyeongGi-Do, Korea, as a component of the KoGES (32, 33) . The initial investigation began in 2001 with 5018 participants aged 40-69. Participants with a previous history of thyroid disease or on medications (thyroid hormone, anti-thyroid medications, steroid, estrogen and contraceptives) that could affect thyroid hormone concentration were excluded. The total number of subjects with plasma TSH and fT 4 concentration was 2789, and the number of subjects with anti-TPO antibody measurement was 3396. The baseline characteristics of the study subjects are shown in Table 1 .
Study participants for the Stage 2 follow-up
Participants for the Stage 2 follow-up were from the KLoSHA cohort (34) . The cohort was initiated in 2005 for 953 participants 65 years old or older who lived in SeongNam-Si, GyeongGi-Do, Korea. Participants with a previous history of thyroid disease or taking the above medications were also excluded. A total of 829 subjects had plasma TSH, fT 4 and anti-TPO antibody measurements. The institutional review board of the Biomedical Research Institute at Seoul National University Hospital approved the study protocol (H-1309-075-521), and written informed consent was obtained from each subject. All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki.
Measurements of TSH, fT 4 and anti-TPO antibody
For both Stages 1 and 2 participants, the plasma TSH concentrations were measured using a radioimmunoassay (RIA) kit from CIS Bio International S.A., Gif-sur-Yvette, France (normal range 0.4-4.1 mIU/l), and the plasma fT 4 concentrations were measured using an RIA kit from DiaSorin S.p.A., Saluggia, Italy (normal range 0.7-1.8 ng/dl). Plasma anti-TPO antibody concentrations were measured with an RIA kit from RSR Ltd, Pentwyn, UK (normal range ,0.3 mIU/l) in Stage 1 participants and with an RIA kit from BRAHMS, Hennigsdorf, UK (normal range ,25 mIU/l) in Stage 2 subjects. Participants with an anti-TPO antibody concentration above the normal range were classified as anti-TPO antibody positive cases and the remaining participants were controls. Because the variables showed a significant deviation from a Gaussian distribution, each of the TSH and fT 4 concentrations was inverse normal transformed before the analyses.
Genotyping and imputation
We extracted genomic DNA from the participants' peripheral leukocytes. The Stage 1 genome scan was performed using an Affymetrix Genome-Wide Human SNP Array 5.0. Only unrelated subjects with genotype missingness ,5% were included in the analysis. Markers with significant deviations from the Hardy -Weinberg equilibrium (P , 1.0 × 10
26
), a genotype call rate ,0.95 and minor allele frequency ,0.01 were excluded. A total of 351 669 SNPs were directly genotyped and were available for analyses. For the Stage 2 follow-up genotyping, we used the TaqMan assay from Applied Biosystems, Carlsbad, CA, USA. Overall, the TaqMan genotyping success rate was 99.5%, and the concordance rate based on 15 blind duplicate comparisons was 100% in the Stage 2 study. Imputation was performed using IMPUTE software (https://mathgen.stats. ox.ac.uk/impute) (35) . The HapMap phased genotype information of CHB and JPT (build 36 release 22) was used as a reference (36). Imputed SNPs with high genotype information content (info .0.5) were used. The identical quality control criteria were applied for the imputed SNPs as in the genotyped SNPs. After filtering, a total of 1 418 709 SNPs were available for the analyses.
Statistical analyses
Most of the association testing was performed using PLINK version 1.07 (http://pngu.mgh.harvard.edu/purcell/plink/) (37) . For plasma TSH and fT 4 concentrations, a linear regression assuming an additive genotypic model was used. For the plasma anti-TPO antibody concentration, a logistic regression (anti-TPO antibody positive versus negative subjects) was used. Age and sex were used as covariates. The full result of the Stage 1 genome scan can be downloaded in our webpage (http://bri.snuh.org/bench/_/notice/5250/view.do).
Variants that passed the significance threshold (P , 1.0 × 10
25
) in the Stage 1 genome scan were further genotyped in Stage 2. The significance threshold for the Stage 2 follow-up was P , 0.05. A joint analysis of Stages 1 and 2 was performed with METAL (http://www.sph.umich.edu/csg/abecasis/Metal/) using an inverse-variance meta-analysis method assuming fixed effects (38) . Genome-wide significance was considered as P , 5.0 × 10 28 . To account for possible cryptic relatedness and population stratification in the Stage 1 genome scan, we performed additional analyses using EMMAX (http://www.sph.umich.edu/csg/ka ng/emmax/) (14) . To identify sex-specific effects, the analyses were performed separately for each sex, and we tested heterogeneity between effect sizes (P , 0.05 to be significant). The estimated proportion of phenotypic variance explained by the , respectively. The P -value of ,0.01 for the modified Fisher exact test provided from the DAVID system was considered to be significant.
Thyroid tissue preparation
Thyroid tissue was prepared from 37 participants who had thyroid tumours and underwent thyroidectomy from February 2012 to March 2013. The normal thyroid tissue in a 1 × 1 × 1 cm 3 volume was dissected from the contralateral lobe without a tumour and was immediately stored in a liquid nitrogen tank. Thyroid tissues were collected for the biobank program of the Department of Surgery, Seoul National University Hospital. The biobank study protocol was approved by the institutional review board of the Biomedical Research Institute at Seoul National University Hospital (H-0809-097-258). Each participant provided written informed consent for the study.
RNA extraction and real-time PCR analysis
Total RNA was isolated from normal thyroid tissues using TRizol reagent (Ambion, Foster City, CA, USA), and M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) was used for cDNA synthesis. Real-time PCR was performed using SYBRmaster mix (Takara, Otsu, Shiga, Japan) and an ABI 7500 real-time PCR system (Applied Biosystems, Forster City, CA, USA). Each sample was analysed in duplicate. The following primer sequences were used for the real-time PCR: for TPO (189 bp), forward primer 5 ′ -CGGGTCATCTGTGACAACAC-3 ′ , reverse primer 5 ′ -GT GCACAAAGTCCCCATTCT-3 ′ ; and for beta-actin (205 bp), forward primer 5 ′ -TGACGTGGACATCCGC AAAG-3 ′ , reverse primer 5
′ -CTGGAAGGTGGACAGCGAGG-3 ′ .
Western blot analysis
Normal thyroid tissues were lysated with 20 mM Tris (pH 7.4), 5 mM EDTA and 1% NP-40, supplemented with a protease inhibitor mixture in 1 : 100 dilution (Sigma -Aldrich, St Louis, MO, USA), separated by SDS -PAGE and transferred to a Hybond ECL nitrocellulose membrane (Amersham, Piscataway, NJ, USA). To assess TPO expression, the nitrocellulose membranes were incubated with an anti-TPO antibody (Abcam, Cambridge, MA, USA) at a 1 : 3000 dilution overnight at 48C, and then subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Cell Signaling, Boston, MA, USA) at a 1 : 5000 dilution for 1 h at room temperature. The signals were detected with the ECL Western Blotting Analysis System (Thermo Fisher Scientific, Waltham, MA, USA). For a loading control, b-actin immunoreactivity was detected with a monoclonal anti-b-actin antibody (SigmaAldrich, St Louis, MO, USA) at a 1 : 5000 dilution.
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